type worms have demonstrated that extension of the lifespan is not favored by natural selection, since longlived mutants have a lower level of fitness [4] . This may reflect the broad spectrum of lifespans found across the tree of life [1] . Meanwhile, human beings might be the only organisms that make concerted efforts to artificially increase their lifespan while postponing the aging process.
To understand the mechanisms that favor the evolution of extended lifespans and the biological causes of aging, the study of organisms that do not show senescence and live extremely long lives might be beneficial. Successful candidates for such studies would therefore be species that demonstrate both an increasing and a constant mortality pattern. Species of the genus Hydra meet this criterion ( fig. 1 ).
Using Hydra as examples, this review will attempt to demonstrate that nonsenescence is not the result of selection towards a longer lifespan but is rather the consequence of mechanisms that evolved to increase the survival probability of individuals under harsh environmental conditions.
Closely Related Hydra Species Demonstrate Different Senescence Patterns

Nonsenescent Hydra
In a pioneering study on Hydra vulgaris, a clonal Hydra species, Martinez [5] demonstrated a constant and low death rate with increasing age of individual polyps. For this purpose, 145 individuals were tracked under laboratory conditions for a period of over 4 years. Results from this study indicated that H. vulgaris individuals do not show aging, or that the process is so slow that aging was imperceptible over a period of 4 years. A recently published study confirmed these results and showed that, for H. magnipapillata strain 105, the risk of dying under laboratory conditions is low and does not change with age. This study estimated that under controlled conditions 5% of the adults would still be alive after 1,400 years [1] .
Senescent-Like Hydra
Brien [6] and Yoshida et al. [7] studied H. oligactis, a species which switches to a stage of sexual reproduction after a strong temperature decline ( fig. 1 ). In the study of
Nonsenescent pathway
All Hydra species escape aging under benign conditions and asexual reproduction
The adult survives and continues asexual reproduction during sexual reproduction
Senescent-like pathway
The adult dies following sexual reproduction [1, 5, 7] . Budding or asexual reproduction is the main reproductive output. Hydra can also reproduce sexually. After successful fertilization, the egg produces a theca and falls into the sediment. It then hatches and develops into a small Hydra -the new genet or clone lineage. All Hydra species escape senescence under benign conditions and while reproducing asexually. After the initiation of sexual reproduction, commonly triggered by, for example, environmental cues, 2 pathways are possible: in the nonsenescent pathway, individuals of some species ( H. magnipapilla [1, 7] and H. vulgaris [5] ) demonstrate neither a sexual or an asexual reproductive decline nor increased mortality. In contrast, while committed to the senescent-like pathway, adults of some Hydra species, such as H. oligactis [7] , die following the onset of sexual reproduction, possibly because investments in maintenance (i.e. survival), renewal, and clonal reproduction are abruptly neglected.
Yoshida et al. [7] , both female and male cohorts showed an increase in mortality after becoming sexually active, with all individuals dying within 150 days at a low temperature. Based on this experiment, it can be assumed that the life history of H. oligactis can be separated into 2 distinct stages that affect senescence patterns: a clonal reproductive period with high maintenance and low death rates, and a period of sexual reproduction in which senescence appears -a process which ultimately leads to the death of the polyps. The rapid death demonstrated by Yoshida et al. [7] may also resemble the life histories of semelparous organisms, in which sexual reproduction is triggered by declining temperatures or other environmental cues and is associated with an increase in mortality but not necessarily with progressive aging.
Other strains of H. oligactis might be cold adapted [see references in 8 ] , and the closely related species H. magnipapilla [7] and H. vulgaris [5] do not demonstrate mortality either after the onset of sexual reproduction leading to the production of gametes and offspring or after temperature declines in which they keep producing new buds and show no signs of death or aging [5] ( fig. 1 ).
Nonaging under High Levels of Extrinsic Mortality Exists in Hydra and Challenges the Evolutionary Theories of Aging
Our knowledge of Hydra survival and reproduction under natural environmental conditions is scant. A few studies have shown that, in addition to seasonal environmental factors, like temperature or water levels, biotic interactions with parasites, interspecies competition for resources, or high levels of predation can lead to considerable seasonal fluctuations in Hydra abundance [9] [10] [11] . Assuming high levels of extrinsic mortality risk, most individual Hydra die at an age that represents only a small fraction of their potential maximum lifespan. For these, the evolutionary advantage of a long life and nonsenescence seems to be irrelevant. A potentially unlimited lifespan that evolved under high levels of extrinsic mortality seems to contradict some aspects of the evolutionary theories of aging, i.e. that high levels of extrinsic mortality lead to the evolution of accelerated aging and a shorter intrinsic lifespan caused by a weak selection against lifeshortening mutations that do not compromise fitness [12] .
Some theories attempt to bridge this paradox by linking novel adaptations to a longer lifespan (but without changes in aging patterns). For instance, some organisms' extended longevity can be associated with adaptations that reduce the risk of death due to environmental hazards (e.g. subterranean living [13] and group or social living [14] ). Furthermore, preservation of seeds in plants, diapause and dauer formation (e.g. C. elegans ) [3] are all excellent examples of the ability of organisms to halt their deterioration process or survive in unfavorable environmental conditions [15] . However, while many organisms extend their lifespan through various forms of dormancy, nonaging Hydra species have preserved (or maybe developed) a mechanism that enables constant lifespan extension in an environment without extrinsic mortality and without the need for hibernation or distinct phases of regeneration. We argue that the continuous stem cell proliferation and regenerative abilities of Hydra ( fig. 2 ) have the following advantages, depending on the level of extrinsic mortality risk: (i) Hydra are able to survive very harsh but nonlethal environmental conditions. With their profound cell proliferation capacity, Hydra are able to regenerate a whole organism even after being partly consumed by a predator or after being demolished by physical forces such as currents and storms. Moreover, Hydra species are extremely successful and establish populations in small freshwater reservoirs across a broad range of climates [16] . One important question guiding the study of the phenomenon of the nonaging of Hydra is whether their capacity for continuous proliferation has aided the dispersal of the species into highly competitive (mostly endemic) environments.
(ii) In an environment without extrinsic hazards, their extreme potential for renewal allows Hydra to escape senescence [5] . Here the question arises of why this extreme capacity for renewal is so rarely manifested in other organisms [for a review, see 17 ].
High Levels of Cell Renewal and Cell Turnover Rates May Explain Why Some Hydra Strains Show No Senescence
Organisms with a high renewal capacity are widely distributed across the tree of life, and these regeneration abilities are not restricted to basal or simple metazoans [18] . Clonal planarians [19] or basal flatworms like Macrostomum [20] demonstrate a similar regeneration by renewal, and it has been speculated that these organisms are long-lived and defy aging. In planarians and C. elegans worms, however, the functional link between their regeneration abilities and their extended lifespan is apparent.
These two groups have the same body plan, but planarian species have a regeneration capacity comparable to that of Hydra and can even regenerate a complete brain integrated with the preexisting nervous system [19] . Even when their cells deteriorate, cells can be replaced while organismal integrity is maintained, which means that these animals have no lifespan limits. In contrast, C. elegans shows low regeneration abilities and therefore has a limited lifespan [both reviewed in 18 ] . Moreover, in the more complex metazoans, the renewal potential declines over the course of development, and a high regenerative capacity is almost solely restricted to the embryo or juvenile stages [reviewed in 21 ]. Even primitive vertebrates like the zebrafish exhibit high levels of regenerative capacity throughout their life cycle [21] . In contrast to Hydra, clear evidence is lacking for a link between an extensive regeneration ability and nonaging. In humans and other vertebrates, aging seems to be inevitable. With increasing age, the regenerative capacity of organs and tissues is reduced. These structures are maintained rather than renewed in order to sustain the organismal integrity of these complex cellular and tissue structures. These examples demonstrate that, in organisms with an extraordinary potential for renewal and regeneration, physiological deterioration is reduced, which in turn reduces senescence. This mechanism is one strategy for extending the lifespan, and it might be a prerequisite for escaping senescence. Seen this light, a life-extending mechanism (e.g. continuous renewal of cells and tissues) must not be associated with a high cost, and it may be uncoupled from other processes or life history traits [17] . This suggests that, in all Hydra known to date, lifespan extension by renewal and proliferation are constitutively active; thus, there is no trade-off between constant renewal and termi- nal growth, asexual reproduction, and most maintenance tasks. Further, in many known Hydra species a detectable trade-off between constitutive renewal and sexual reproduction is also lacking, suggesting that these genetic pathways may have remained decoupled. However, in the senescent-like H. oligactis , the renewal of somatic cell lineages is dramatically affected by sexual reproduction [7] , suggesting a possibly early trade-off between the pathways committed to extending life and those committed to sexual reproduction.
Cell Renewal and Cell Turnover Rates in Relation to Various Life History Trade-Offs
In general, aging patterns are assumed to be a result of various life history trade-offs. Life history strategies should be affected by the environmental conditions under which the species evolved. In this context, the trade-off between reproduction, growth, and survival is of particular interest and forms the basis for the 'disposable soma theory' [22] . As expected from life history theory, a change in one phenotypic trait like lifespan may be coupled with a change in another trait, because energy that is allocated to maintenance, which increases survival, cannot be used for other processes, such as reproduction. For the evolution of aging and nonaging, respectively, the trade-off or pleiotrophic effects between reproduction, somatic maintenance, and damage repair are of special interest.
In a single polyp, traits like size (number of cells per polyp), reproduction, and maintenance can be distinguished. The dynamic processes of cell loss and cell gain mediated by autophagy [23] , apoptosis [24] , continuous self-renewal, and differentiation are fundamental for the morphogenesis, reproduction, and maintenance of single polyps [25] . In the nonsenescent H. vulgaris, optimal life history trade-offs result in the continuous self-renewal of stem cells and tissues without any cost or disadvantage in gaining other traits [5] . This means that continuous selfrenewal simultaneously leads to nonsenescence, body growth, regeneration following injury, sexual reproduction, budding and the gathering of food by predation.
Schaible et al. [26] investigated how trade-offs between reproduction and maintenance (measured as survival under starvation) are modified under different environmental stressors. Under recurrent hormetic food stress, individuals emerge stronger in terms of health and reproductive activity, without degradation of one of their life history traits; hence, no trade-off between clonal reproduction and maintenance is apparent. The opposite was observed in H. oligactis [7] : the shift from budding to sexual reproduction, which is triggered by a shift to lower incubating temperatures, leads to increased mortality. Such an extreme life history strategy is likely to evolve in small water bodies which desiccate in summer or freeze in winter, which makes the death of individuals inevitable [7, 9, 10] . Under such circumstances, a shift in allocation strategy from maintenance to reproduction could lead to the observed increase in mortality after sexual reproduction. When switching to sexual reproduction, H. oligactis produces robust eggs that can survive adverse conditions. Such channeling of resources towards sexual reproduction may result in postreproductive mortality, as was observed in the experiments of Yoshida et al. [7] .
However, constant cell proliferation and high cell turnover rates in Hydra promote longevity and prevent deterioration that would lead to senescence. Therefore, the question arises of how Hydra maintain these constant cell renewal and turnover rates without any sign that they do so at the cost of other processes which might trigger aging. To explore this issue, we will take a closer look at the regulatory and cellular processes involved in the maintenance of the constant regeneration capability of Hydra throughout life. In particular, this includes the processes responsible for telomere maintenance, for protecting the individual from the accumulation of damages or pathogens/diseases, and for the regulation of the genetic operating system.
Maintenance of High Cell Renewal and Turnover Rates
The Telomere Dynamic in Hydra Telomeres protect chromosomes against degradation, recombination, or random fusion by cellular DNA repair systems. Cellular senescence or cellular apoptosis starts if the telomere length falls below a certain threshold (the so-called Hayflick limit) [27] . The presence of the enzyme telomerase reverse transcriptase (TERT) can stop the telomere shortening that results from cell division by elongating the repetitive sequences within the telomere, which theoretically leads to an unlimited replicative capacity. On the other hand, continuous telomere-shortening might limit the ability to repair damaged cells, which, according to the telomere theory of aging, is believed to be the main reason why organisms are debilitated in later age and finally show an age-related increase in mortality. However, in the nonaging Hydra species, telomere dy-namics remain poorly understood. The telomere structure represented by the repetitive sequence TTAGGG and the affected proteins are conserved in 2 Hydra species [28, 29] . Indirect proof of a possible telomerase activity in Hydra and a prerequisite for constant cell proliferation and regeneration has been deduced from the presence of a gene-encoding TERT, as identified in the genome of H. magnipapillata [30] . Other species characterized by a high level of cell proliferation, such as sponges, preserve telomere integrity via a high telomerase activity [31] . In the planarian Schmidtea mediterranea, only the asexual organisms avoid senescence by maintaining a telomere length through telomerase activity, whereas the sexually reproducing organisms have to go through sexual reproduction to prevent telomere shortening [32] . Many invertebrates, fish, amphibians, and reptiles that show continuous cell proliferation to maintain a high regeneration ability require high telomerase activities [33] . In contrast, Traut et al. [28] described species of the class Calcarea (sponges), the phylum Cnidaria (sea anemones and jellyfish), and the phylum Placozoa which protect their telomeres against attrition with little or no telomerase activity. These observations suggest that the clonal lineages of Hydra, with a stable cell proliferation rate, might preserve their long-term telomere integrity via telomerase activity. However, there is no data available on how Hydra species inhibit telomere attrition.
Protection against Damages
Organisms continuously generate reactive oxygen species (ROS) as by-products of essential metabolic processes like the mitochondrial electron transport chain. If they are not intercepted by antioxidant defense, ROS induce oxidative cellular and molecular damages (proteins, lipids, mitochondria, and nuclear DNA). These damages are not only an important factor in the long-term fitness of clonal organisms, as they might be transferred unhindered to the next generations of individuals, but they can also influence fitness-related traits when damage occurs. In a final step, the age-related accumulation of ROS-induced damage might result in accelerated aging [34] .
Therefore, long-lived Hydra individuals, at least in the laboratory, might be excellent model organisms for understanding the balance between free radical production and the antioxidant defense activity involved in preventing organismal deterioration. Many organisms, including Hydra, are protected against oxidative stress by antioxidant enzymes such as superoxide dismutase [35] , glutathione peroxidases [36] , and catalases [37] . Hydra individuals are able to regulate the expression of the mRNAs of all 3 enzymes, which indicates an active defense of antioxidants against ROS. However, the role of antioxidant defense in Hydra needs to be further studied.
Antioxidants act as a first line of defense against the accumulation of oxidative damage. An alternative way to eliminate oxidative damage to organelles or cells [38] and resynthesize damaged proteins and lipids is autophagy via lysosomes. Autophagy has therefore been identified as a key strategy for controlling damage levels [34] . In Hydra, autophagic vacuoles in epithelial cells can be frequently observed under starvation [23, 39] . As the contents of these vacuoles provide food resources, autophagy has been identified as one of the main survival strategies of cells and organisms [25] . If such autophagic phases repeatedly occur in times of little or no food, Hydra individuals can constantly repair and renew their cellular biochemical arsenal by removing oxidized intermediates and through the elimination of damaged cells and mitochondria. The beneficial effects of maintenance and reproduction after starvation, demonstrated in the study of Schaible et al. [26] , might be the consequence of an increased activation of autophagy followed by a rejuvenation effect for the remaining cells. This process appears to confer longterm benefits, as repeated induced autophagy phases may be assumed to prevent the accumulation of damage, which in turn reduces the aging effects [25] .
Protection against Diseases and Pathogens
The immune system is a powerful mechanism for protecting an organism against environmental stress and pathogens. The main advantage of the immune system is that it is involved in creating good health, which can increase the ability of an organism to survive in a hazardous environment. But high costs associated with maintaining an efficient immune system may also be a disadvantage. As a result, maintenance of the immune system reduces the resources available for other life history traits, such as reproduction or other maintenance [40] .
Hydra have a relatively simple, rapid, and nonspecific innate immune system [41] that is predominantly localized in the endoderm. In their immune defense, several cellular processes, like apoptosis, phagocytosis, and the production of antimicrobial peptides, might be involved. Rahat and Dimentman [42] showed that bacteria might be important for tissue proliferation and successful budding in Hydra; therefore, the innate immune system in Hydra needs to distinguish between beneficial symbionts and pathogens. This indicates that the innate immune system shapes the interaction between Hydra and microbiota [43] . Furthermore, they observed the same species-554 specific bacterial community between individuals captured in a natural pond and individuals that had been kept in laboratory conditions for 30 years [44] . These results are intriguing for researchers studying aging because, even among humans, an age-related change in gut microbiota can be observed [45] . The constant balance and long-term maintenance of Hydra with their associated bacterial community might indicate that Hydra have a well-preserved immune system without any age-related deterioration. It seems that the metabolic costs of maintenance of an innate immune defense are relatively low [46] . As the innate immune defense of Hydra is manifested at a low cost, its maintenance is not traded off against survival and reproduction. Consequently, the low cost of innate immunity and the long-term maintenance of bacteria-Hydra interactions might be a prerequisite for the nonaging pattern in Hydra. To prove age-specific deterioration of the innate immune system in Hydra, repeat measures of known-age individuals across a sufficient time span is necessary, but these are difficult to obtain because of the long lifespan of individual Hydra polyps under laboratory conditions.
The Genetic Operating System of Cell Renewal and the Cell Turnover Rate in Hydra
The gene regulation theory of aging proposes that senescence is the result of changes in gene expression [47] . Although it is clear that many genes show age-specific changes in expression, it is unlikely that selection could act on genes that promote senescence directly [47] .
Studies of age-related genes and genetic pathways across distant animal phyla are important, as this type of research will help us to determine whether the identified principles are 'public or private', i.e. shared between distant related phyla (public) or only specific to distinct evolutionary lineages [48] . For instance, recent comparative studies have shown that some molecular determinants of lifespan, like the insulin pathway, appear to be conserved in different organisms across the tree of life (e.g. C. elegans, Drosophila melanogaster, and mice [48] and also Hydra [49] ).
As noted above, Hydra have enormously effective and rapidly acting mechanisms for regenerating damaged body parts, which is a prerequisite for prolonged somatic maintenance [50] and which can lead to an extended life span without senescence [5] . Consequently, genes that have a direct effect on the aging mechanisms in Hydra should control stem cell behavior, their constant proliferation, their migration, and their differentiation potential.
The identification of the proximate genetic factors that are key to understanding Hydra longevity has already begun. Bridge et al. [51] identified FOXO, a transcription factor gene shown to control longevity [52] , in the interstitial stem cell lineage and demonstrated its role in the stress response and in interstitial stem cell maintenance. Another study showed that FOXO might be involved in inducing the apoptosis of Hydra epithelial stem cells, a conserved function which may play a key role in maintaining body proportions [53] . Boehm et al. [54] detected a clear relationship between FOXO expression and stem cell homeostasis and maintenance, which influence stem cell proliferation and differentiation rates (from stem cells to somatic cells like head or foot cells). Besides FOXO, other genes like Oct4, a class5 POU domain protein, and the transcription factors of the Myc family [both reviewed in 55 ], may play a significant role in controlling the dynamics of stem cell proliferation and are therefore suspected to play a major role in the longevity pattern of Hydra .
Whether these genes and their related mechanisms influence the lifespan or help to postpone aging is an interesting subject for future research.
Conclusions
In closely related Hydra species, we find alternative life histories and different patterns of senescence, which may have evolved as ecological adaptations.
Of particular importance is that in H. vulgaris and in other Hydra species the mechanisms for an extended lifespan and nonsenescence observed in the laboratoryi.e. continuous cell proliferation and renewal -are also responsible for other pathways and traits, such as sexual reproduction, growth, and maintenance.
Without extrinsic mortality hazards, the constant cell proliferation and high cell turnover rates seem to be key mechanisms promoting longevity and preventing physiological decline, which in other organisms may lead to senescence. Furthermore, if a Hydra polyp is not exposed to extrinsic hazards, this mechanism allows it to maximize its maintenance level, which leads to nonsenescence. The costs of telomere maintenance, damage repair, and immune system maintenance do not seem to be linked, as they are not traded off against lifespan and reproduction. In contradiction to the disposable soma theory, this scenario suggests that lifespan extensions occur at no cost in Hydra [17] .
Meanwhile, in H. oligactis, a senescent relative of Hydra, the pathways promoting maintenance that lead to an extended lifespan and sexual reproduction seem to be coupled. Following environmental deterioration, which suggests inevitable death, individuals of H. oligactis start to reproduce sexually. They die, possibly because investments in maintenance (i.e. survival), renewal, and clonal reproduction are abruptly neglected. It would therefore be important for future research on aging in the Hydra genus to investigate whether the death of H. oligactis individuals is a consequence of intrinsic aging processes, which manifests the trade-off between reproduction and maintenance. Alternatively, specific H. oligactis strains exist which show different mortality or senescent-like scenarios respective of their ecological habitats.
The fact that Hydra may switch maintenance 'on' and 'off', leading to constant or increasing patterns of mortality, supports the claim that high levels of maintenance may be achieved in almost all organisms by molecular or physiological uncoupling. This assumption that organisms like Hydra are capable of switching aging on and off needs further validation. However, high levels of extrinsic mortality would lead to complicated experimental setups and the study of Hydra mutagenic strains may overcome this problem. In some organisms, individuals sharing identical genomes display a vast divergence of lifespans: (i) in the case of social hymenoptera, long-lived queens and short-lived workers can be raised from the same genome [56] ; (ii) in the jellyfish Cassiopea spp. (Cnidaria: Scyphozoa), the medusa is short-lived while the polyp is long-lived [57] , and (iii) in the hydrozoan Clytia hemisphaerica, the same individual metamorphoses from a long-lived to a short-lived stage [58] .
As a member of the cnidarian phylum, situated at the base of metazoan life, Hydra present a remarkable life history that is bound to contribute to the future research on aging, lifespan extension, and cures for age-related ailments.
